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Abstract
Summary We examined the associations between childhood
growth and bone properties among women at early old age.
Early growth in height predicted greater bone area and higher
bone mineral mass. However, information on growth did not
improve prediction of bone properties beyond that predicted
by body size at early old age.
Introduction We examined the associations between body
size at birth and childhood growth with bone area, bone min-
eral content (BMC), and areal bone mineral density (aBMD)
in early old age.
Methods A subgroup of women (n = 178, mean 60.4 years)
from the Helsinki Birth Cohort Study, born 1934–1944, par-
ticipated in dual-energy X-ray absorptiometry (DXA) mea-
surements of the lumbar spine and hip. Height and weight at
0, 2, 7, and 11 years, obtained from health care records, were
reconstructed into conditional variables representing growth
velocity independent of earlier growth. Weight was adjusted
for corresponding height. Linear regression models were ad-
justed for multiple confounders.
Results Birth length and growth in height before 7 years of
age were positively associated with femoral neck area
(p < 0.05) and growth in height at all age periods studied with
spine bone area (p < 0.01). Growth in height before the age of
7 years was associated with BMC in the femoral neck
(p < 0.01) and birth length and growth in height before the
age of 7 years were associated with BMC in the spine
(p < 0.05). After entering adult height into the models, nearly
all associations disappeared. Weight gain during childhood
was not associated with bone area or BMC, and aBMD was
not associated with early growth.
Conclusions Optimal growth in height in girls is important for
obtaining larger skeleton and consequently higher bone mass.
However, when predicting bone mineral mass among elderly
women, information on early growth does not improve pre-
diction beyond that predicted by current height and weight.
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Introduction
Older age bone mass has been proposed to have its origins in
early life development. Birth weight has repeatedly been found
to correlate positively with bone properties in later life [1–4].
However, a study on adolescent girls suggested that postnatal
growth is a more important determinant for adult bone proper-
ties than birth weight [5], but so far, only few studies have
actually been able to link longitudinal data on childhood
growth with bone health in older age in the same individuals.
The risk of hip fracture in adulthood has been shown to be
associated with poor growth in childhood and adolescence [6,
7], and to the best of our knowledge, only one previous study
has explored the associations between growth throughout
childhood and bone properties in old age [1].
Using a prospective study approach, studying possible
links between early growth and bone health in old age helps
in evaluating whether preventive measures in childhood could
improve bone health in old age. On the other hand, as body
size at the time of bone measurement is known to have large
influence on bone mineral mass, a retrospective approach will
increase knowledge on whether prediction of older individ-
uals’ bone health can be improved by information on child-
hood growth beyond that predicted by the individuals’ current
body size. In this study, we employed both approaches.
Hence, we examined the associations between body size at
birth and childhood growth with bone area, bone mineral con-
tent, and bone density in early old age first without, and then
with adjustment for body size at early old age.
Material and methods
Data came from the Helsinki Birth Cohort Study (HBCS) that
includes 8760 individuals born at the Helsinki University
Hospital between 1934 and 1944 [8]. Persons living in
Finland in the year 2000 were sent a questionnaire
(n = 7079). Of those who responded (n = 4515), a random
sample of 2003 persons participated in a clinical examination
in 2001–2004. Body size measurements across childhood
were retrieved from hospital, child welfare clinic, and school
healthcare records [8, 9]. Dual-energy x-ray absorptiometry
(DXA; Prodigy, GE Lunar Corp., Madison, WI, USA) scans
were performed on a convenience sample of women (n = 191)
at lumbar spine and left hip, and used for determining bone
area, bone mineral content (BMC), and areal bone mineral
density (aBMD). Seven participants did not have complete
data on growth and were thus excluded. Participants, who
had purchased osteoporosis drugs or systemic corticosteroids
within 6 months before the measurement according to the
register of the Social Insurance Institution of Finland, were
also excluded (n = 6). Altogether, 178 women were eligible
for the analysis. At the time of the DXA scans, the participants
were on average 60.4 (SD 2.9) years. The study was approved
by the Ethics Committees of National Public Health Institute,
Helsinki and the Hospital District of Helsinki and Uusimaa.
Written informed consent was obtained from each participant.
Adult height and weight were measured in light clothing
and without shoes at the time of the DXA scans. Data on the
participants’ mothers and fathers were also collected to be
used as covariates. Date of the mothers’ last menstrual period
prior to pregnancy was extracted from hospital birth records
and was used to calculate length of gestation. Childhood so-
cioeconomic status (SES) was ascertained based on father’s
highest occupational status extracted from birth, child welfare,
and school healthcare records, coded as upper middle class,
lower middle class, and manual workers [10]. Adult SES was
defined as the highest occupational status at 5-year intervals
between 1970 and 2000 from the register of Statistics Finland,
coded as upper middle class, lower middle class, self-
employed, and laborers [10]. Information on age at meno-
pause, estrogen replacement therapy (never vs. ever), frequen-
cy of exercise (0–1 times per week vs. more), smoking (never
vs. ever), and frequency of alcohol intake (<weekly vs.
≥weekly) was obtained via questionnaire. These variables
were selected as covariates as they potentially can confound
or mediate the association between early growth and bone
properties in old age. Information on fragility fractures was
based on a series of questions on whether the participant had
sustained a radial, brachial, clavicular, hip, or ankle fracture
after the age of 45 years. The variable was dichotomized (fra-
gility fracture/no fragility fracture) and was used to describe
the study sample.
Statistics
To indicate the magnitude of growth at each age that is inde-
pendent of earlier growth, we constructed conditional height
and weight variables. Conditional growth variables were stan-
dardized residuals from linear regression analysis with both
height and weight at previous ages as the independent vari-
ables [11, 12]. In addition, weight was adjusted for corre-
sponding height. Hence, height represents deviation of (i.e.,
faster or slower) linear growth from that expected based on
earlier growth, and relative weight gain represents faster or
slower weight gain expected based on earlier growth and con-
current height.
We used linear regression models to explore the associa-
tions of conditional growth with bone area, BMC, and aBMD.
Crude and fully adjusted (covariates: length of gestation, age
at DXA measurement, childhood SES, adulthood SES, alco-
hol, smoking, exercise, and estrogen replacement therapy)
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models were analyzed. Bone variables were standardized.
Regression coefficients represent change in a bone variable
in standard deviations per one standard deviation greater
growth. We also present z-scores for growth variables deter-
mined based on the whole cohort as previously described [9].
Level of statistical significance was set at p < 0.05. Analyses
were performed using IBM SPSS Statistics for Windows,
Version 22.0 (IBM Corp., Armonk, NY, USA).
Results
Body size at birth, across childhood, and in early old age, and
bone properties in early old age are presented in Table 1. Of
the participants, 59 (67%) used or had used estrogen replace-
ment therapy, 116 (65%) exercised more than once a week, 18
(10%) used alcohol weekly or more often, 55 (31%) smoked
or had smoked, and 18 (10%) had a history of a fragility
fracture (radial, brachial, clavicular, hip, or ankle fracture)
based on self-reports. Childhood SES was upper middle class
for 16%, lower middle class for 26%, and manual worker for
58% of the participants. The distribution of SES in adulthood
was as follows: high official (15%), low official (60%), self-
employed (7%), and laborers (18%). Average length of gesta-
tion was 281 (SD 11) days.
Bone area
When childhood growth in height was entered into the
models together with the covariates (length of gestation,
age, years since menopause, childhood and adulthood so-
cioeconomic status, alcohol intake, smoking, exercise,
and estrogen replacement therapy), femoral neck bone ar-
ea was positively associated with increase in height dur-
ing all age periods studied (regression coefficient per 1
SD increase in height [b] from 0.06 to 0.09 cm2,
p < 0.05), except for the period between 7 and 11 years
(Fig. 1, Electronic Supplementary Material [ESM] 1).
After entering adult height into the models, childhood
growth in height was no longer associated with femoral
neck bone area. Spine bone area was associated with
childhood growth in height during all age periods before
entering adult height into the models (b from 0.67 to
1.53 cm2, p < 0.01) (ESM 3). After adult height was
entered, growth in height before 7 years of age was no
longer associated with spine bone area but growth in
height from 7 to 11 years remained associated with spine
bone area (b = 0.64 cm2, p = 0.004).
Weight gain during childhood was not associated with
bone area in femoral neck (Fig. 1, ESM 2) or spine
(ESM 4).
Bone mineral content
Femoral neck bone mineral content was associated with in-
crease in height between 0 and 2 years of age (b = 0.16 g,
p = 0.01) and between 2 and 7 years of age (b = 0.15 g,
p = 0.01) (Fig. 1, ESM 1). However, after entering adult height
into the model childhood, growth in height was no longer
associated with femoral neck bone mineral content. Spine
bone mineral content was associated with growth in height
during age periods before the age of 7 years (b = 1.76–
2.53 g, p < 0.05) but after entering adult height, these associ-
ations disappeared (ESM 3).
Table 1 Body size and bone characteristics of the participating women (n = 178), mean (SD)
Birth 2 years 7 years 11 years Early old agea
Height
cm 50.2 (1.6) 86.1 (3.1) 120.4 (5.0) 142.5 (7.1) 164.1 (5.9)
z-score −0.01 (0.85) 0.19 (0.96) 0.12 (1.06) 0.17 (1.10) –
Weight
kg 3.4 (0.42) 12.0 (1.1) 22.2 (2.9) 34.8 (6.0) 73.4 (13.4)
z-score 0.00 (0.88) 0.11 (0.93) 0.02 (1.01) 0.09 (1.03) –
BMI
kg/m2 13.5 (1.2) 16.4 (1.2) 15.4 (1.4) 17.1 (2.0) 27.3 (4.9)
z-score 0.01 (0.93) −0.01 (1.00) −0.09 (1.03) 0.01 (1.04) –
Spine
Bone area, cm2 – – – – 42.8 (3.6)
BMC, g – – – – 50.8 (10.6)
aBMD, g/cm2 – – – – 1.18 (0.19)
aBMD, T-score – – – – −0.06 (1.62)
Femoral neck
Bone area, cm2 – – – – 4.8 (0.36)
BMC, g – – – – 4.47 (0.74)
aBMD, g/cm2 – – – – 0.93 (0.13)
aBMD, T-score – – – – −0.43 (1.07)
a Age range 57–68 years
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Childhood growth in weight was not associated with bone
mineral content in femoral neck (Fig. 1, ESM 2) or spine
(ESM 4).
Areal bone mineral density
Femoral neck (Fig. 1, ESM 1, ESM 2) or spine (ESM 3, ESM
4) areal bone mineral density were not associated with growth
in height or weight in childhood.
The crudemodels did not markedly differ from the adjusted
models.
Discussion
We observed that greater growth in height between birth and
7 years of age predicted larger bone area and higher bone
mineral content at the femoral neck and spine in early old
age. In addition, greater birth length and growth in height
between 7 and 11 years of age predicted greater spine bone
area. Nearly all associations were wholly mediated by adult
stature, which had marked contributions to both bone area and
bone mineral content. Growth in height was not associated
with areal bonemineral density. Gain in relative weight during
childhood was not associated with bone properties in early old
age whereas relative weight in adulthood was associated with
all bone parameters studied in early old age.
Previous studies have found associations between birth
weight and later bone mineral content. When adjusted for
body size at the time of bone assessment, birth weight has
been found to be associated with bone mass in childhood
but this association has weakened or even disappeared with
aging [13–16]. In the present study, only birth length was
associated with bone area at the spine, but not with femoral
neck area. Earlier studies have mainly used aBMD and BMC
as outcomes and two studies found associations between birth
weight and BMC in older age whereas one study found no
associations. Presumably, other factors than body size at birth
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Fig. 1 a–f Regression
coefficients for periods of growth
explaining bone area, bone
mineral content (BMC), and areal
bone mineral density (aBMD) of
femoral neck among women in
early old age. Whiskers show
95% confidence intervals. Height
(left panel) and weight (right
panel) are independent of earlier
growth in height and weight, and
weight is independent of
corresponding height to yield
relative weight. Black symbols
show coefficients from models
excluding body size at early old
age and gray symbols from
models including body size at
early old age. Models are adjusted
for length of gestation, age, years
since menopause, childhood and
adulthood socioeconomic status,
alcohol intake, smoking, exercise,
and estrogen replacement therapy
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adulthood and on the rate of bone loss in older age resulting in
weak associations between early growth and bone health in
old age.
Growth during childhood and adolescence is likely to have
important influences on peak bone mass. Tandon and co-
workers found that greater early growth predicted greater bone
mineral mass in young adulthood [17] and bone properties
have been found to track strongly from childhood to adoles-
cence [18]. However, only few studies have explored the as-
sociations between early growth, other than birth weight, and
bone properties in old age. Kuh et al. found that growth in
height during various growth periods was positively associat-
ed with cross-sectional bone size, determined using peripheral
quantitative computed tomography (pQCT), in early old age.
[1] We were not able to measure bone cross-sectional area but
we determined bone area in the frontal plane which is likely to
correlate with cross-sectional area. In our analysis, growth in
height before the age of 7 years was associated with bone area
particularly in the spine and also with bone mineral content in
the spine and femoral neck. Hence, the results suggest that
greater growth in height between birth and 7 years of age
has a long-lasting positive contribution to bone size and bone
mineral mass in adulthood. It is worth noting that the growth
variables in the studies by Tandon et al. [17], Kuh et al. [1],
and ours were independent of the child’s earlier body size, and
thus, high values reflect greater growth than would be expect-
ed by body size and previous growth.
We found no associations between growth in height during
childhood and aBMD in early old age. In accordance, Kuh
et al. found only weak, if any, associations between height
growth before the age of 15 years and spine or hip aBMD in
early old age among women [1]. aBMD is intrinsically adjust-
ed for bone size and the lack of association between height
growth, and aBMD supports the explanation that the associa-
tions between growth and DXA parameters in old age largely
reflect faster growth leading to greater skeletal size. Among
our participants, aBMD was not associated with weight gain
in childhood but it was clearly associated with relative weight
in adulthood. In contrast, Kuh et al. found that weight gain
during most growth periods and in adulthood was positively
associated with aBMD [1]. However, they found that weight
gain in adulthood had greater contribution to aBMD than
weight gain in childhood.
Does information on early growth improve prediction of
bone mass in early old age beyond that predicted by body size
in early old age? In the light of our results, it seems that it does
not. Body size at the time of the bone measurements has a
strong contribution to bone area and bone mineral content [14,
19], which was also evident in the present study. When body
size at the time of bone measurements was added into the
models of early growth in height explaining bone properties,
practically all associations disappeared. The same phenome-
non was previously observed in another study among young
adults [17]. In the present study, weight development in child-
hood did not predict any of the bone parameters studied in
early old age even prior to adjustment for current weight.
These results suggest that the associations between early
growth and later bone mass are mostly mediated by body size
at the time of bone measurements. In other words, growth in
height during childhood is the main predictor of height in
adulthood, which, in turn, largely determines adult skeletal
size and consequently bonemass. However, we cannot answer
to what extent these correlations between growth, adult body
size, and adult bone properties are due to common genes reg-
ulating these phenotypes and to what extent due to adaptations
in growth and bone development during childhood in re-
sponse to environmental factors. Previous studies on the asso-
ciations between early growth and hip fractures [6, 7] have
suggested that faster growth in height and slower gain in BMI
are risk factors for later hip fractures. These associations are
probably mediated through hip fracture risk factors other than
bone properties, because in the present study, greater height
growth predicted better bone properties and relative weight
gain was not associated with bone properties at all.
The only association that maintained after adjustment for
body size at old age was between growth in height between 7
and 11 years of age and spinal bone area. The potential mech-
anisms underlying the observed association may include nu-
trition as development of height is an indicator of nutritional
status [20]. As the participants were born just before or during
the World War II, which was followed by continuation of
rationing of food in Finland, at least part of the women have
likely had poor nutritional status leading slow growth [20] and
deficiency of nutrients important for bone development. It is
also possible that early growth and mineral accumulation
share genetic background which could explain the observed
association.
A strength of our study was that we were able to link
multiple measurements of childhood growth, not just birth
weight, to bone measurements performed in early old age.
Childhood measurements included birth length, which has
not, to our knowledge, been reported in the few previous stud-
ies on this topic. We used sophisticated growth variables, i.e.,
conditional growth variables, which allowed estimation of
associations without confounding from earlier body size.
However, we lacked growth data at puberty, and hence, we
cannot separate whether pubertal growth has an influence on
bone properties independent of adult body size. Although the
studied sample of women was part of the randomly selected
clinical examination group, it was a convenience sample in-
cluding only Caucasian women and the number of partici-
pants was relatively small. According to their aBMD z-scores,
they had better bone health than women of their age on aver-
age. Thus, the results may not be generalizable to the whole
population of Caucasian older women. Use of DXA is a lim-
itation because true cross-sectional geometry cannot be
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determined using DXA. Although bone mass is a predictor of
bone strength, bone strength is also dependent on cross-
sectional bone geometry [21], which we could not determine
in the present study.
An implication from these results would be that ensuring
optimal growth in height in girls is important for obtaining
greater adult height, which translates into larger skeleton and
higher bone mass and consequently, fracture risk may be re-
duced. However, when predicting bone mineral mass among
women in early old age based on height and weight develop-
ment, current height and weight are sufficient and information
on childhood growth before the age of 11 does not improve
prediction.
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